STING (stimulator of interferon genes) is a cytosolic sensor for cyclic dinucleotides and also an adaptor molecule for intracellular DNA receptors. Although STING has important functions in the host defense against pathogens and in autoimmune diseases, its physiological relevance in intestinal homeostasis is largely unknown. In this study, we show that STING À / À mice presented defective protective mechanisms of intestinal mucosa, including decreased number of goblet cells, diminished mucus production, and lower levels of secretory IgA, when compared with wild-type (WT) mice. Fecal content and microbiota DNA could activate STING, indicating a role of this molecule in gut. Microbiota composition was altered in STING À / À mice toward a more inflammatory profile, evidencing a reduction in the Allobacolum and Bifidobacterium groups along with increase in Disulfovibrio bacteria. Absence of STING lead to decrease in induced intraepithelial lymphocytes (IEL) and to increase in group 1 innate lymphoid cell (ILC1) as well as ILC3 frequencies and decrease in ILC2 in the colon. Development and function of Foxp3 þ and LAP þ regulatory Tcells were also compromised in STING À / À mice. Moreover, these mice were highly susceptible to dextran sodium sulfateinduced colitis, T-cell-induced colitis, and enteric Salmonella typhimurium infection when compared with WT animals. Therefore, our results identify an important role of STING in maintaining gut homeostasis and also a protective effect in controlling gut inflammation.
INTRODUCTION
The large intestine is colonized by trillions of microorganisms that can greatly affect the mucosal immune response. 1 To maintain intestinal health, the immune system must faithfully respond to antigens from pathogenic microbes while maintaining a state of tolerance to commensals and food antigens that contact it every day. 2, 3 Commensal bacteria have the potential to activate large intestinal epithelial and immune cells and this constitutive activation is critical to maintain intestinal homeostasis. However, defective interactions between the luminal microbiota and intestinal immune system can lead to sustained inflammation and development of chronic diseases, such as inflammatory bowel disease. 4, 5 The intestinal epithelium is renewed at an extraordinary rate, outpacing all other tissues in the body. Cell death, by apoptosis or other mechanisms, are responsible for the renewing of cells; proliferation as well as migration of new cells from precursors induces extrusion of live cells to control epithelial cell numbers. 6 These events, along with the presence of the microbiota, contribute to release of nucleic acids in the intestine. Extracellular DNA can activate cells of the immune system and a fine balance between pro-and anti-inflammatory mechanisms is required to maintain intestinal homeostasis. 7, 8 Innate immunity has a central role in the homeostasis of intestine and in the pathogenesis of inflammatory bowel disease. A complex network of signaling pathways triggered by molecules derived from commensal microbiota via innate receptors such as Toll-like receptors (TLRs), RIG-I-like receptors, NOD-like receptors (NLRs), and absent in melanoma 2 (AIM2) are employed for the detection of pathogens and for the maintenance of gut integrity in a highly activated environment. 7, 9 Consistently, defects in TLRs (TLR2, TLR4, TLR5, and TLR9), RIG-I-like receptor, NLRs (NOD1, NOD2, NLRP3, and NLRP12) and AIM2 signaling pathways were shown to be involved in the development of colitis and colorectal cancer. 8, 10 However, the precise mechanisms and functions of DNA sensors in intestinal physiology and inflammation have yet to be defined. STING (stimulator of interferon genes) is a cytoplasmic innate immune sensor for cyclic dinucleotides (CDNs) that also has a role as an adaptor molecule for a number of intracellular DNA receptors. 11, 12 The upstream DNA sensors that signal through STING include cyclic GMP-AMP synthase (cGAS), IFI16, and DDX41, 13, 14 highlighting an important function for STING in controlling multiple DNA recognition pathways. Upon activation, STING recruits TBK1 that phosphorylates IRF3 and nuclear factor (NF)-kB, inducing transcription of type I interferon (IFN) and other co-regulated genes. [11] [12] [13] [15] [16] [17] Type I IFNs are a widely expressed family of pleiotropic cytokines that exert different functions, including antiviral and antimicrobial activity. Paradoxically, type I IFNs can also suppress immune responses by driving production of antiinflammatory cytokines, and their deregulation contribute to progression of intestinal inflammatory diseases. [18] [19] [20] Since its discovery, STING was shown to contribute to the host defense against viral, bacterial, and eukaryotic pathogens and also to the development of autoimmune disease through its aberrant activation by self DNA. 21, 22 Recent studies have also underscored the role of STING in regulating intestinal inflammation and tumorigenesis in mice. 23, 24 On the other hand, high levels of microbiota-derived DNA and CDNs have been detected in the gut, 25, 26 and these stimuli could contribute to local activation of STING at steady state. Although the role of commensal microbiota in intestinal homeostasis is well documented, 27 the physiological relevance for STING signaling in this process has not been reported.
In this study, we investigated the physiological function of STING in the gut as well as the impact of its absence in T-cellinduced colitis, in Salmonella infection and in dextran sodium sulfate (DSS)-induced colitis, a model of intestinal inflammatory disease that is associated with epithelial destruction and bacterial translocation. Our results demonstrate that STING À / À mice presented several defects in mechanisms that maintain gut homeostasis both at steady state and under inflammatory conditions.
RESULTS

Absence of STING resulted in disruption of gut homeostasis
Intestinal epithelial cells produce antimicrobial effectors that have a central role in shaping the gut microbial community and protecting mucosal tissues from colonization and invasion by commensal microorganisms. 8 To investigate the potential role of STING in intestine homeostasis, we analyzed histology sections of small intestine and colons from WT and STING À / À mice. First, we observed in hematoxylin and eosin-stained sections that the villi of small intestine in STING À / À mice were elongated and presented less crimps when compared with WT mice (Figure 1a,b) . In addition, colon crypts in STING À / À mice were shorter than that in WT mice (Figure 1c,d ) resembling the immature phenotype that was already reported for germ-free mice, with altered pattern of microvilli formation and decreased rates of cell turnover. 28, 29 We then examined goblet cell function by using periodic acid-Schiff staining, and STING À / À mice displayed decreased numbers of periodic acid-Schiff-positive (goblet) cells per crypt when compared with WT mice (Figure 1d-f) . Goblet cells are responsible for mucin production, which is essential to protect the gut mucosa from invasion by colonic bacteria and from other stressors that may cause tissue damage and inflammation. 30 To further examine whether the lower number of goblet cells in STING À / À mice was associated with mucus production, we stained sections of colon by immunohistochemistry to detect MUC1 and MUC2, which are the major components of the colonic mucus. The number of vesicles positive for MUC1 was smaller in STING À / À mice when compared with WT counterparts (Figure 1g ,h). Consistent with that, analysis of the MUC2 staining also showed a decreased frequency of MUC2-expressing cells in STING À / À mice compared with WT mice (Figure 1i,j) , indicating that mucus layer production is compromised in the absence of STING.
We next analyzed whether other immune mechanisms involved in mucosa protection were altered in STING À / À mice. Lower levels of secretory IgA (SIgA) were found in the feces of STING À / À mice compared with WT animals ( Figure 1k ). IgA is essential to gut homeostasis as they reduce the penetration of commensal bacteria in the intestinal epithelium. 31 Moreover, we assessed the levels of interleukin (IL)-1b, which is an important cytokine involved in the maintenance of epithelial barrier, and we observed lower levels of IL-1b in the colon of STING À / À mice ( Figure 1l ). Additionally, mRNA levels of the repair molecule Amphiregulin were also reduced in the colon of STING À / À mice compared with WT mice (Figure 1m ) and no difference was found in the levels of IL-22bp between the studied groups (data not shown). Together, these data indicate that an intact STING signaling is required to maintain several mechanisms of mucosa homeostasis and protection.
As several mechanisms of gut barrier function were defective in STING À / À mice, we tested whether intestinal permeability was also compromised in these animals using administration of fluorescein isothiocyanate dextran, but no difference was found between the two groups of mice (data not shown).
Gut microbiota activates STING and induces type I IFN
STING is known to be activated by cyclic dinucletides that can be produced by many bacteria species, including gut microbiota. To directly assess the involvement of bacteria from gut microbiota in STING activation, we used murine embryonic fibroblasts (MEFs) from WT mice. STING is a transmembrane protein component of endoplasmic reticulum that, when activated, forms an aggregate in the perinuclear region. were stimulated for 4 h with STING-activating dsDNA90 (positive control), fecal content, or microbiota DNA purified from feces and the cells were analyzed by confocal microscopy. In the absence of stimuli, STING was sparse in the cytoplasm. However, when MEFs were stimulated with dsDNA90, fecal content, or DNA purified from the feces, STING migrated and formed a punctual aggregate in the perinuclear region of the cell (Figure 2a) . This result suggests that gut commensal microbiota can activate STING. STING is known to be important for type I IFN induction. 11, 15, 16 Indeed, we found significantly reduced levels of IFNb mRNA in the colon of STING À / À when compared with WT mice (Figure 2b ). Consistent with a role for microbiota in STING activation, WT mice that were treated with a broad spectrum antibiotics showed similar levels of IFN-b expression compared with STING À / À mice ( Figure 2c ). We also found reduced IFN-b mRNA levels in the colon of germ-free mice when compared with their WT counterparts (see Supplementary  Figure S1 online). Moreover, mono-association of germ-free mice with the commensal bacterium Bacteroides thetaiomicron partially rescued IFN-b expression (see Supplementary Figure  S1 ), indicating a role for gut microbiota in type I IFN via STING signaling.
To further demonstrate that gut microbiota activates STING, we cultured lamina propria cells from WT and STING À / À mice and stimulated them for 16 h with either dsDNA90 or microbiota DNA purified from feces and measured IFN-b expression. As expected, colon lamina propria cells from WT mice expressed high levels of IFN-b mRNA when stimulated with dsDNA90 and no IFN-b expression was observed in STING À / À mice upon the same stimuli ( Figure 2d ). Moreover, microbiota DNA also induced type I IFN in WT mice lamina propria cells, whereas no expression was found in the absence of STING. Together these data suggest that the microbiota is indeed involved in the production of type I IFN in a STING-dependent pathway.
It has been described that microbiota and immune cells in the gut regulate each other. There are reports, for instance, on the role of microbiota in SIgA production 32, 33 and, reciprocally, on the impact of SIgA in the microbiota composition. 34, 35 Therefore, we next assessed whether the absence of STING signaling by gut microbiota would interfere with its composition. The beta diversity was assessed by the principal coordinate analysis of weighted ( Figure 2f ) and unweighted ( Figure 2g ) Unifrac distances. In both metrics, WT and STING À / À mice groups clustered separately and showed to be significantly different by means of the Adonis statistical test (unweighted: P ¼ 0.015, weighted: P ¼ 0.01). There was a greater fecal output in the Proteobacteria and a reduction in the Actinobacteria phylum in the feces from STING À / À mice, but the most prominent gut microbiota differences between WT and STING À / À mice were observed within specific phyla (Figure 2e,h,i ). An overgrowth of Desulfovibrio genus (Proteobacteria phylum), which is related with development of gut inflammation, and a decrease in symbiotic commensal organisms such as Bifidobacterium (Actinobacteria phylum) and Allobaculum (Firmicutes phylum), shown to display antiinflammatory effects, were detected in STING À / À mice (Figure 2h,i) . [36] [37] [38] Significant differences in relative abundance of these bacteria populations within specific phyla between STING À / À and WT mice were confirmed by DESeq2 analysis.
Frequencies of IEL and ILC subsets were altered in the colon of STING À / À mice
To ensure intestinal homeostasis, local immune cells must be able to respond to pathogen antigens quickly while maintaining the state of tolerance to commensals. We assessed next whether the absence of STING influenced in intraepithelial lymphocyte (IEL) populations ( Figure 3a shows gate strategy). Strikingly, the frequency of natural IEL (CD45 þ TCRgd þ ) was much higher in STING À / À mice in comparison with that in WT mice (Figure 3b) . At the same time, the frequency of both subsets of induced
mice resembles what is observed in germ-free mice featuring an immature development of gut immunity. 39, 40 We then examine whether STING would also interfere in the colon lamina propria cells. There was no difference in the frequency of T helper type 1 (Th1), Th2, and Th17 cells in the colon lamina propria of STING À / À mice when compared with WT animals (see Supplementary Figure S2b ,c,d), suggesting that Th cells were not affected by the absence of STING. Next, we analyzed innate lymphoid cells (ILCs) since these cells are substantially enriched in mucosal surfaces and seem to be particularly important regulators of epithelial barriers in the intestine. 41, 42 Interestingly, the frequency of ILC1 (Figure 3g Figure S3 shows gating strategy). Moreover, the frequency of ILC2 (Figure 3g,i) was reduced in the colonic lamina propria of STING À / À mice, a result that parallels with the reduced levels of IL-4 and IL-5 ( Figure 3k ) and increased levels of IL-17 ( Figure 3l ) in the colon of these mice. This data suggests that lack of STING results in an imbalance in the frequency of ILCs, which might be harmful to gut homeostasis.
Lack of STING signaling reduced the frequency and function of regulatory T cells
Regulatory T (Treg) cells expressing Foxp3 or latencyassociated peptide (LAP) mediate suppression of a variety of immune cells and actively prevent inflammatory bowel diseases and food allergies. 43, 44 It has been previously shown that type I IFNs regulates Treg accumulation in the intestine and maintains their stability. The absence of IFNAR (IFNalpha receptor) signaling on innate immune cells results in poor expansion and maintenance of Foxp3 þ Tregs in the intestine. 20, 45, 46 Given that STING signaling induces the production of type I IFNs, we analyzed whether the absence of STING would interfere with the development and function of Treg cells in gut mucosa. STING À / À mice had lower frequency of CD4 þ LAP þ Treg cells in colonic lamina propria and lower Next, we examined whether STING signaling was also involved in Treg function by assessing their suppressive ability on T naive cells. Naive CD4 þ CD62L þ CD44 low and CD4 þ CD25 þ Treg cells were sorted, co-cultured with antigenpresenting cells, and stimulated with anti-CD3 to induce T-cell proliferation. At the ratios of 1:1 and 1:2 of Treg:T naive cells, Tregs from WT mice were able to partially suppress T-cell proliferation. However, Tregs from STING À / À mice were unable to suppress proliferation of T cells at the same ratios (Figure 4j) . Taken together, these data indicate that STING is essential for the maintenance and function of CD4 þ Foxp3 þ Treg cells.
STING protected mice from different gut inflammatory insults
Knowing that STING À / À mice showed alterations in the gut that compromise the mechanisms of intestinal mucosa protection and immune-regulation, we assessed whether STING À / À mice presented increased susceptibility to intestinal inflammation. To address this question, we employed three different inflammatory insults: (a) a model of dextran sodium sulfate (DSS)-induced colitis in which intestinal inflammation is associated with epithelial destruction, self DNA release, and bacterial translocation; 47 (b) a model of colitis induced by naive CD4 þ CD45RB high T-cell transfer into RAG À / À mice in which co-transfer of functional regulatory CD4 þ CD45RB low T cells prevents colitis development; 48 and (c) a model of enteric infection by Salmonella thyphimurium.
WT and STING À / À mice were treated with 3% DSS in drinking water for 8 days (followed by normal drinking water only in mortality experiments). Mice were monitored every day up to eighth or twenty-first day. STING À / À mice showed increased weight loss (Figure 5a ) bleeding, and diarrhea ( Figure 5b ) starting on the fifth day when compared with WT mice. Moreover, all STING À / À mice died within 13 days, whereas 30% of WT mice were still alive at day 13 and 8 days thereafter when the experiment was terminated (Figure 5c ). Analysis of colon morphology and histology of the colons showed that their lengths were similar among control untreated animals, but DSS treatment led to a significant reduction in colon length, which was more evident in STING À / À mice ( Figure 5d ,e). Similar colitis clinical signs and colon length reduction was also observed in IFNAR-deficient mice (Figure 6a-f) , suggesting that type I IFNs might participate in STING-dependent control of gut homeostasis. 20, 45, 46 Histological hematoxylin and eosin staining of the colons showed that, after DSS treatment, STING À / À mice had less intact epithelium and thicker submucosal layer than the WT mice (Figure 5f,g ) indicating more edema. Periodic acid-Schiff staining also showed remaining goblet cells and intestinal architecture in WT mice compared with STING À / À after DSS treatment (Figure 5h) . (Figure 4j) . Therefore, we used a model of gut inflammation in which functional Treg cells are necessary to prevent the development of T-cell-induced colitis 48 to test Treg function in vivo. RAG À / À mice transferred with naive CD4 þ CD45RB hi T cells showed histological alterations that were compatible with inflammation in gut mucosa as shown by histological analysis (Figure 5i-k) , whereas co-transfer of WT CD4 þ CD45RB low Treg cells with naive CD4 þ CD45RB high T cells prevented development of disease.
However, co-transfer of STING
low Treg cells failed to prevent disease development, confirming the in vitro results that STING expression on Treg cells is required to its suppression function.
To investigate mouse susceptibility to enteric pathogen infection in the absence of STING, we examined the mortality rate of WT and STING À / À mice following the oral administration of 1 Â 10 8 colony-forming units of Salmonella typhimurium. STING À / À mice displayed early mortality rate compared with WT mice (Figure 5l ). On day 6 after infection, 60% of STING À / À mice had died while WT mice start to die only from day 9 after infection. We also analyzed bacteria translocation at day 6 after infection and observed similar bacterial loads in the liver of WT and STING À / À -infected mice (data not shown), indicating that even though bacterial translocation is not different between both groups, STING À / À mice are more susceptible to Salmonella infection. Taken together, these results showed that STING is a critical regulator of intestinal homeostasis and that STING-deficiency leads to higher susceptibility to gut inflammation and to enteric infection in mice.
DISCUSSION
A variety of pattern-recognition receptors expressed in intestinal epithelial cells and immune cells maintain the surveillance of pathogen-associated molecular patterns and trigger homeostatic immune responses allowing the successful coexistence of the gut commensal microbiota with an intact intestinal mucosal tissue. Microbial DNA is known to be sensed by TLR9, AIM2, and cGAS, leading to the activation of NF-kB, inflammasome, and IFN signaling pathways, respectively. 7, 13, 49 TLR9-and AIM2-mediated recognition of DNA in the intestine exerts a protective effect against experimental colitis.
7,49,50
Although the physiological relevance of DNA sensing by cGAS during intestinal inflammation is still unclear, type I IFN signaling has been shown to be critical in regulating epithelial and T-cell functions. 20, 45, 46, 51 However, little is known about the role of STING as a sensing of CDNs and as an adaptor for DNA sensing in intestinal homeostasis.
Intestinal mucosa harbors fast renewing epithelial cells that are in contact with external stimuli, such as microbiota. 6, 7 Both components, dying cells and bacteria from microbiota, are continuous sources of free DNA that can deliver physiological stimulation to immune cells. Studies on germ-free mice showed that these animals present several signs of immunological and intestinal immaturity when compared with conventional mice, including elongated and smooth villi and smaller colon crypts, as well as reduced production of mucus and SIgA with normal levels of serum IgM. 28, 31, 52 The role of mucus layer and SIgA in gut homeostasis is clear. The intestinal mucus layer provides a barrier limiting bacterial contact with the underlying epithelium and SIgA reduces the penetration of commensal bacteria by preventing their adhesion to the epithelium. 53 Thus the presence of a normal intestinal microbiota positively influences immune responses and protects against the development of inflammatory diseases by inducing the development of several intestinal and immune-protective mechanisms since early life. Indeed, it has been shown that germ-free mice are highly susceptible to DSS-induced colitis. 31 On the other hand, it has also been described that products of immune cells such as SIgA in the gut can influence bacterial composition of the local microbiota. 34, 35 These reports suggest that there is a circuit of mutual regulation between immune cells and the microorganisms that colonize the gut mucosa. Analysis of microbiota composition in STING À / À mice show that the absence of this signaling pathway does not change the ratio of Firmicutes to Bacteroidetes phyla. However, alterations in specific genera of bacteria resulted in a significant change in microbiome composition and in a profile related to susceptibility to gut inflammation. 54 A divergent shift was observed within the phylum Firmicutes, with a decrease in Allobaculum in feces from STING À / À , a group of bacteria that is induced by type I IFN and is related with reduction of IL-17 production. 38 
STING
À / À mice had also an increase in Desulfovibrio genus (Proteobacteria phylum), a Gram-negative bacterium whose prevalence have been shown to be associated with ulcerative colitis. 36 On the other hand, a reduction in Bifidobacterium (Actinobacteria phylum), a species with anti-inflammatory effects mediated by TGF-b and Treg cells in the gut, 55 was also observed.
Although STING À / À mice bear a microbiota, they miss a critical signaling pathway for microbiota DNA and CDNs. Many species of gut bacteria produce cyclic dinucleotides 26 and therefore may stimulate STING. Indeed, our results show that STING À / À mice present a phenotype that resembles the one observed in germ-free mice. They had longer and less crimped small intestine villi, smaller colon crypts, lower production of MUC1/MUC2, lower levels of SIgA, and increased serum IgM levels (data not shown) when compared with WT mice. The immaturity of gut mucosa is also consistent with the profile of IELs in STING À / À mice. As already described in neonates and germ-free mice, 40 STING À / À mice presented a decreased frequency of all subsets of induced IELs (expressing TCRab). IELs are T lymphocytes interspersed in the gut epithelium as a first line of immune protection against pathogens. They are present as distinct subpopulations depending on the T-cell receptor (TCR) rearrangement they show (ab vs. gd) and on the expression of either homodimeric (aa) or heterodimeric (ab) form of CD8 as well as co-expression of CD4. 56 Regardless of CD8 and CD4 expression, we found that all subsets of induced TCRab-expressing IELs are downmodulated and natural TCRgd-expressing IELs are increased in frequency in the absence of STING signaling. This result is in concert with the role of microbiota in inducing TCRab þ IELs and also with their role in protection against infection. 40 Indeed, STING À / À mice were more susceptible to Salmonella infection than WT mice although intestinal permeability and bacteria translocation (data not shown) were not changed in STING À / À mice. It is likely that the compromised mucosal protective immunity is a net result of defects in several components of barrier function in these animals.
The pattern of ILCs in neonates and germ-free animals is less explored. Recently, these innate lymphocyte lineages, previously thought to be represented only by natural killer cells, were described and are now referred to as ILCs. ILCs are preferentially located at barrier surfaces and are important for protection against pathogens and for the maintenance of organ homeostasis. Inappropriate activation of ILCs has been linked to the pathogenesis of inflammatory and autoimmune disorders. 41 As fetal lymphoid inducer cells and lymphoid inducer-like cells are part of the ILC3 population, we would expect to have an overrepresentation of this subset at early stages of development. These cells have been shown to be the first immune cells to seed the intestinal mucosa. 57 In concert with our hypothesis that STING À / À present an immature immunological profile, the frequency of ILC3 is increased in STING À / À mice when compared with WT mice. Moreover, analysis of frequencies of ILCs in the intestinal mucosa of STING À / À and WT neonates showed no difference between the two groups. It is plausible that microbiota colonization has a critical role in delivering stimulatory cues such as cyclic DNA for the development of the adult profile of ILCs seen in WT mice. On the other hand, STING À / À mice presented a lower frequency of ILC2 when compared with age-matched WT mice. ILC2 was shown to mediate tissue protection during intestinal injury, such as DSS-induced colitis, by limiting inflammation and promoting 
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epithelial repair through amphiregulin production. 58 Differentiation of these cells requires IL-25, IL-33, and thymic stromal lymphopoietin (TSLP). IL-33 and Tslp induction is markedly decreased in Sting knockdown cells. 59 Moreover, it was shown that IRF3, which is activated by STING, is involved in IL-33 and TSLP production and IRF3 À / À mice are also more susceptible to DSS-induced colitis. 59 We observed that the colonic lamina propria of STING À / À mice had a decreased frequency of ILC2, reduced levels of Amphiregulin mRNA, and increased frequency of ILC1 and ILC3. Although ILC3 can be protective in some types of intestinal disorders, detrimental ILC1 and ILC3 responses have been reported in models of colitis induced by Helicobacter hepaticus or anti-CD40 treatment and have been related to IL-22, IL-17, granulocyte macrophages colonystimulating factor, and/or IFN-g activity. 60, 61 Moreover, increased frequency of ILC1 is observed in patients with Crohn's disease. 62 Our findings suggest that increased frequency of ILC1 and ILC3 seems to cooperate with the decreased ILC2 in colonic lamina propria of STING À / À mice to enhance their susceptibility to colitis. Thus a balance in ILC subtype frequency in the colon is essential to maintain gut homeostasis.
Along with these innate and acquired immune mechanisms of barrier maintenance, the intestinal mucosa lodges distinct subsets of Treg cells that are essential for the induction of specific immunological tolerance to gut bacteria. Their absence or failure to patrol the intestinal mucosa leads to reactivity against the commensal microbiota and development of inflammatory bowel disease in mice and humans. 63, 64 An important regulator of CD4 þ Foxp3 þ Treg cells is the type I IFNs. The absence of IFNAR signaling on innate immune cells result in poor expansion and maintenance of Foxp3 þ Tregs in the intestine, leading to the outgrowth of Th1 and Th17 effector cells in the inflamed colon. 20 STING pathway is known to induce the production of type I IFNs, and we confirmed that showing that STING À / À mice produce significantly lower levels of IFN-b mRNA transcripts in the colon than WT mice. Consistent with the effects of type I IFNs in Treg expansion and maintenance, we observed that the frequency of CD4 þ CD25 þ Foxp3 þ was reduced in MLN and the frequency of TGF-b-producing CD4 þ LAP þ Tregs was reduced in the colonic lamina propria and MLN of STING À / À mice when compared with their WT counterparts. Moreover, absence of STING signaling also interfered with the function of CD4 þ CD25 þ Foxp3 þ Treg cells, as they were less efficient in suppressing T-cell proliferation in vitro and in preventing colitis induction when co-transfered with naive CD4 þ T cells into RAG À / À mice. 48 We speculate that the alterations observed in STING À / À Treg cells were due to the lower levels of type I IFN in those animals; however, we cannot discard the possibility that STING is interfering in Treg development and function in a type I IFN-independent manner. On the other hand, the critical role of IFN-b in the maintenance of gut homeostasis and protection against inflammation was underscored in the present study by the increased susceptibility of both STING À / À mice and IFNa/b R À / À to colitis induction by DSS.
Interestingly, regulatory cells and cytokines were differentially altered in MLN and colonic lamina propria of STING À / À mice. TGF-b and CD4 þ LAP þ cells were both reduced in the colon, whereas CD4 þ CD25 þ Foxp3 þ Tregs, CD4 þ LAP þ cells, and IL-10 production were all reduced in MLN. MLN drain the lamina propria of the small intestine but not the colonic lamina propria. Several immune-regulatory factors are probably activated at distinct sites of the intestine and they may vary according to the specific features and requirements of the region 65 as well as additional factors. 66 It is also plausible that other signaling molecules for relevant microbiota stimuli, including DNA (such as TLR9, AIM2, and so on) are also differentially expressed along the gut mucosa having complementary roles in conveying cues from the microbiome for the proper differentiation of regulatory cells, such as IL-10-producing cells.
STING signaling can also activate NF-kB, which induces the transcription of many genes, including mucins. NF-kB induces the production of MUC2 by human colonic epithelial cells 67, 68 and by human epithelial cell lines in cooperation with TGF-b-Smad signaling pathway. 69 Although we did not assess NF-kB activation here, it is well described that STING signaling pathway induces NF-kB translocation to the cell nucleus.
11,14,16 Moreover, we observed lower levels of TGF-b in the colon of STING À / À mice, which suggests that the reduced MUC2 production observed in these animals could be due to an additive effect of poor activation of NF-kB and low levels of TGF-b. MUC2 is also able to induce the production of IL-10 and TGF-b by tolerogenic DCs involved in the induction of Treg cells. 70 Thus a dense mucus layer in the large intestine prevents inflammation not only by shielding the underlying epithelium from luminal bacteria and food antigens but also by delivering tolerogenic signals. Studies showing that MUC2 À / À mice develop spontaneous colon inflammation underscore the critical role of MUC2 in gut homeostasis. 71 STING and CDNs are highly conserved throughout evolution, being observed 4500 million years ago in the common ancestor of human and Cnidaria. 72 CDNs are secondmessenger signaling molecules produced by diverse bacterial species, including gut commensal microbiota, 25, 73 and are also synthesized by cytosolic cGAS upon dsDNA binding. The modern features of innate immunity appeared later in evolution than the STING-CDN binding, suggesting that STING-CDN pathway may have a function other than its role in host defense against pathogens. We hypothesized that the microbiota CDNs sensed by STING might act by inducing a physiological tonus of activation for protective mechanisms involved in intestinal homeostasis. It is possible that the 3'3''CDNs evolved to be a less potent STING agonist in mammals in order to keep gut homeostasis without initiating an immune response against the microbiota. During pathogen infection, however, STING is strongly activated by 2',3' cGAMP produced by cGAS, a more potent STING agonist, 74 and a proper inflammatory immune response against pathogen is triggered. This observation merits further investigation.
The cytosolic adaptor STING has important function in the host defense against pathogens and in autoimmune diseases; however, its role in gut homeostasis has been largely unknown. This study reveals that STING can be activated by DNA present in fecal contents, and this adaptor molecule has a critical function in the development of gut-protective mechanisms, such as mucus and SIgA production, in the balance of ILC subsets and in the Treg cell activity in the intestinal mucosa. As a consequence, STING À / À mice had a higher susceptibility to DSS-induced and T-cell-induced colitis as well as to enteric infection. Therefore, our data show that STING is an important signaling molecule involved in gut homeostasis and may also serve as a therapeutic target for the regulation of intestinal inflammation.
METHODS
Mice. STING
À / À mice were obtained from Dr Glen Barber (University of Miami, Miami, FL) and maintained in the animal care facility of Universidade Federal de Minas Gerais (UFMG). C57BL/6 WT, 129 Sv/Ev WT, STING À / À , IFN-a/bR À / À , and RAG À / À mice were bred and maintained in the animal care facility of the Laboratório de Imunobiologia at UFMG as previously described. 41 Male and female mice used in experiments were aged 7-12 weeks. All conventional mice within an experiment were cohoused (gender matched) for 4 weeks to minimize differences among their microbiotas. Germ-free mice were obtained from the Gnotobiotic facility of UFMG, and they were maintained there in isolators for the entire period of the experiment. All mice were housed and used according to the experimental protocols approved by the Ethics Committee on Animal Care and Use (CEUA) of UFMG.
Induction of colitis with DSS. Male or female C57BL/6 WT and STING À / À mice or 129 Sv/Ev WT and IFN-a/bR À / À mice were cohoused for 4 weeks before colitis induction. Animals received 3% DSS (molecular weight 36,000-50,000; MP Biomedicals, Santa Ana, CA) in drinking water for 8 days. There was no difference in the amount of DSS consumption between experimental groups. For survival studies, mice were monitored every day up to 21 days postinitiation of DSS treatment. For weight-change studies, the percentage of initial weight was determined through the following equation: percentage of initial weight: (weight at the xth day Â 100)/ (weight on day 0). Animals were also monitored for feces consistency, rectal bleeding, diarrhea, and general signs of morbidity, including hunched posture and failure to groom, and scored between 0 and 6, with 0 being normal up to 6 being diarrhea, signs of morbidity, and failure to groom.
Flow cytometric analysis. Cells were isolated from colon lamina propria by removing the entire length of colon, dissected, opened longitudinally, washed with phosphate-buffered saline (PBS), and cut into small pieces. Tissue fragments were placed in Petri dishes and washed in calcium and magnesium-free Hank's Balanced Salt Solution containing 2% fetal bovine serum. Then fragments of colon lamina propria were transferred to culture flasks and incubated at 37 1C in Hank's Balanced Salt Solution containing 1 mM DL-dithiothreitol (Sigma, St Louis, MO) for 60 min. After that, tissue fragments were then incubated with 100 U ml À 1 of collagenase II (Sigma) for 60 min at 37 1C in a shaker. Supernatants were passed through a 70-mm cell strainer and ressuspended in medium. Lamina propria cells were then preincubated with anti-CD16/CD32 monoclonal antibody to block FcgRII/III receptors and stained on ice for 30 min with the following fluorochrome-conjugated monoclonal antibody: fluorescein isothiocyanate-labeled anti-CD4, PE-labeled anti-LAP, PerCPCy5.5-labeled anti-CD25, and APC-labeled anti-Foxp3 for Treg cells analysis.
Pacific Blue-labeled anti-CD11b, anti-CD11c and anti-FceR1a; BV421-labeled anti-CD16/32 and anti-CD19; PerCPCy5.5-labeled anti-CD8; PeCy7-labeled anti-CD4; BV570-labeled anti-CD45; BV510-labeled antiCD127; Aexa700-labeled anti-CD3; PE-CF594-labeled anti-RORgt; PE-labeled anti-T-bet, and AlexaFluor 488-labeled anti-GATA3 were used for T-cell and ILC analysis. Antibodies were purchased from Invitrogen, Carlsbad, CA; BD Pharmingen (San Jose, CA); or R&D Systems, Minneapolis, MN. Surface staining was performed according to standard procedures at a density of 1 Â 10 6 cells per 25ml, and volumes were scaled up accordingly. Flow cytometric analysis was performed on a FACSCanto (BD Biosciences, San Jose, CA) or on a FACSFortessa (BD Biosciences).
Cell sorting. A pool of cells from spleen of WT and STING À / À mice was first enriched using CD4 þ Microbeads T-Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Naive CD4 þ CD62L þ CD44 low T cells and CD4 þ CD25 þ Treg cells were sorted (FACSAriaII, BD Biosciences) with PeCy-7-labeled anti-CD4, APC-labeled anti-CD62L, PE-labeled anti-CD44, and PerCPCy5.5-labeled anti-CD25. Cell culture preparation. MLN were removed and cells suspensions were prepared using a tissue homogenizer, being gently centrifuged. Cells isolated from MLN were cultured, at 1 Â 10 6 cells per well for cytokine secretion analyses, in 98-well plates in complete RPMI and stimulated or not with 1 mg ml À 1 of anti-CD3 and anti-CD28. Supernatants were collected after 48 h to measure IL-10 and after 72 h to measure TGF-b.
T-cell transfer model of colitis. Naive CD4 þ CD45RB hi T cells were isolated from WT or STING À / À mice and injected intraperitoneally into 7-8-week-old RAG À / À immune-deficient recipients (5 Â 10 5 cells per mouse). WT and STING À / À CD4 þ CD45RB low Treg cells (2.5 Â 10 5 mouse) were co-injected intraperitoneally as previously described. 75 Mice were monitored weekly for wasting disease, and any mice losing 420% of its starting body weight or showing severe signs of disease were killed.
Quantitative reverse transcriptase-PCR. Colon tissue or cultured lamina propria cells were homogenized in TRIzol (Invitrogen), and RNA was isolated by phenol chloroform extraction and isopropanol precipitation. Reverse transcription of 2 mg of total RNA was performed using Illustra Ready-To-Go reverse transcriptase-PCR (RT-PCR) Beads (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions. Real-time RT-PCR was conducted with a final volume of 10 ml containing SYBR green PCR Master Mix (Applied Biosystems, Carlsbad, CA), oligo(dT) cDNA as the PCR template and 10 mM primers. Real-time RT-PCR was performed with the ABI7900 real-time PCR system (Applied Biosystems, Foster City, CA) using the following cycling parameters: 60 1C for Histology and immunohistochemistry. Animals were killed and their colons were collected and opened longitudinally. For colitis analysis, on day 8 after 3% DSS treatment or 7 weeks after T-cell transfer to RAG À / À mice, the colon of mice were also extracted. Later the colons were fixed with 10% formalin in neutral buffer and embedded in paraffin. Histological sections were deparaffinized and stained with hematoxylin and eosin or Periodic acid-Schiff and analyzed by light microscopy. For immunohistochemical analysis, consecutive 4-mm-thick sections were mounted on silanized slides, and peroxidasebased detection system Advance HRP was applied (Dako North America, Carpinteria, CA). Antigen retrieval was performed in water bath at 98 1C, with a citrate buffer solution (pH 6.0) (Target Retrieval Solution) for 20 min. Endogenous peroxidase activity was blocked with a 3% hydrogen peroxide solution in methyl alcohol. Sections were stained with anti-MUC1 (1:50; Abcam, Cambridge, UK) and anti-MUC2 (1:300; Abcam), and immunoreactivity was visualized by incubating the slides with diaminobenzidine (DAB substrate system, Lab Vision, Fremont CA) for 10 min. The histological changes were analyzed in a double-blinded manner. Immunohistochemical analysis of MUC2 were based on scores divided into frequency of the positive cells in 10 fields (60 Â ), classified as: 1 þ when 0-25% of cells staining; 2 þ when 25-50% of cells staining; 3 þ when 50-75% of cell staining; and 4 þ when 475% of cells staining, and cases were then classified negative (1 þ or 2 þ ) or positive (3 þ or 4 þ ). Statistical analysis was performed using correlation of Fisher's Exact test.
Isolation of fecal content and microbiota DNA from feces. Feces were extracted from the colon of WT mice, ressuspended, and homogenized in PBS 1 Â . The content was centrifuged and the supernatant used for cell stimulation. Fecal DNA was extracted from fresh mouse fecal samples using the QIAamp DNA Stool Mini Kit (QIAGEN, Hilden, Germany).
DNA sequencing of microbiota and bioinformatics workflow. The DNA purified from feces was amplified at the V3-V4 hypervariable region of RNA ribosomal 16S and sequenced using the Illumina-MiSeq platform (Illumina, San Diego, CA), which provided single-end reads with 300 nt in length. Downstream analysis were performed by running the QIIME (Quantitative Insights into Microbial Ecology) pipeline. Briefly, sequence reads that presented Phred quality score o20 were removed. We normalize each library relative to the smaller sample, choosing randomly until it matches its total number of readings. Afterwards, representative sequences were grouped by Uclust into Operational Taxonomic Units by 97% similarity and taxonomy assigned with Pynast against Greengenes database. Chimeric sequences were identified by Usearch61 and removed before performing diversity analysis and visualization. The microbiome profile of mice samples was assessed through weighted and unweighted UniFrac principal coordinate analysis. Statistical significance between both groups were inferred by means of the Adonis method implemented in the vegan package for the R statistical software environment, as described before. 76 The differential abundance of Operational Taxonomic Units in each group was evaluated with the DESeq2 package. We evaluated the alpha diversity in each group by means of the Shannon index. The raw sequence data used in this experiment are available in the EMBL-EBI (Accession id: PRJEB22143). MEFs were provided by Dr Glen Barber (University of Miami). Cells were maintained in high-glucose complete Dulbecco's modified Eagle's medium (GIBCO, Waltham, MA) at 37 1C in 5% CO 2 /95% air in a humidified incubator. MEFs were seeded on 24-well plates containing sterile coverslips a day before the experiment and kept on normal growth media. Cell challenge was performed by DNA transfection using Lipofectamine Reagent (Thermo Fisher Scientific, Waltham, MA) following the manufacturer's instructions. A total of 1 mg of DNA extract was used per well. Transfection was performed for 4 h after which the medium was removed and cells were fixed in 4% paraformaldehyde, pH 7.4, at room temperature for 30 min.
Immunofluorescence and microscopy. After fixation, coverslips were washed with PBS and kept in the same buffer at 4 1C until immunofluorescence was performed. Permeabilization was carried out for 15 min with 0.3% Triton X-100 in PBS, and cells were subsequently blocked for 1 h with 1% BSA in PBS at room temperature prior to incubation with anti-Sting at 4 1C overnight. Rabbit polyclonal antibody against STING was provided by Glen Barber. 77 Detection of anti-Sting was performed with anti-rabbit secondary antibody conjugated with Alexa-546 (Jackson Immuno Research, West Grove, PA). Coverslips were mounted in slides using Prolong Gold with 4,6-diamidino-2-phenylindole mounting medium (Invitrogen). Microscopy analysis was performed in an Apotome 2.0 (Zeiss, Oberkochen, Germany) system, mounted in a Axio Imager microscope adapted with a Plan-APOCHROMAT 40 Â 0.8 objective. HXP 120C (metal halide) was used for illumination, and images were acquired as czi files by a AxioCam HRm camera using the Zen software (Zeiss, Oberkochen, Germany).
Cytokine measurements. The colons were homogenized in extraction solution (100 mg tissue per 1 ml), containing 0.4 M NaCl, 0.05%Tween 20, 0.5%BSA, 0.1 mM PMSF, 0.1 mM benzethoniumchloride, 10 mM EDTA, and 20 KI aprotinin, using Ultra-Turrax. The suspension was then spun at 10,000 g for 10 min at 4 1C. The supernatant was used for enzyme-linked immunosorbent assays (ELISAs). Concentrations of IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, and IFN-g were measured in the colon extract by capture ELISA. Concentrations of IL-10 and TGF-b were measured in cell culture supernatants and IgA as well as IgM levels were assessed in mice feces by ELISA. ELISAs for cytokine and immunoglobulin (IgA and IgM) measurements were performed using kits from R&D Systems according to the manufacturer's instructions. For TGF-b measurement, samples were acidified and neutralized to activate latent TGF-b as previously described. 78 Statistics. Statistical analysis was performed using GraphPad Prism6 software (GraphPad, La Jolla, CA). Groups of animals were compared using Student's t-tests or two-way analysis of variance where applicable. P-valueo0.05 was considered statistically significant. 
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